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As laser ablation becomes more ubiquitous for direct solid sampling with inductively coupled plasma mass

spectrometry (ICP-MS), the need to understand and mitigate fractionation (non-stoichiometric generation of

vapor species) becomes critical. The in¯uence of laser-beam wavelength on fractionation is not well established;

in general, it is believed that fractionation is reduced as the wavelength becomes shorter. This manuscript

presents an investigation of fractionation during ablation of NIST glasses and calcite using three UV

wavelengths (157 nm, 213 nm and 266 nm). Fractionation can be observed for all wavelengths, depending in

each case on the laser-beam irradiance and the number of laser pulses at each sample-surface location. The

transparency of the sample in¯uences the amount of sample ablated (removed) at each wavelength, and the

extent of fractionation. Pb/Ca and Pb/U ratios are used as examples to demonstrate the degree of fractionation

at the different wavelengths.

Introduction

Laser ablation is a viable technology for direct solid sampling
into an inductively coupled plasma (ICP), with detection by
atomic emission spectroscopy (AES) or mass spectrometry
(MS).1±4 The advantages of laser ablation have clearly been
established and include the ability to sample any material,
minimal sample quantity (mg±ng), with little or no sample
preparation. Like all analytical technologies, laser ablation
requires standards for quantitative chemical analysis. If matrix-
matched standards are available, laser ablation can provide
accurate quantitative analysis even if fractionation occurs (in
both the known standards and the unknown sample). If matrix-
matched standards are not available, accuracy depends on the
degree of fractionation between the sample and the standards.

It is important to put laser ablation into perspective with
regard to the conventional sampling approach, liquid neb-
ulization. Even with this established method, excellent
standards (a solution with the appropriate elements and
concentrations) must be prepared. For laser ablation, it may
be possible to develop standards or use National Institute of
Standards & Technology (NIST) materials. In these cases,
calibration curves can be established and unknown samples
accurately analyzed. However, for many environmental
samples, standards cannot be prepared. In these cases for
which matrix-matched standards do not exist, it is necessary to
ensure that the ablation produces stoichiometric vapor.

The ablated mass quantity and composition are in¯uenced
by all the laser-beam properties.5 For stoichiometric sampling,
the laser±sample interaction should be ablative (photophysical)
with minimal sample heating. Such conditions can usually be
achieved at higher irradiances, although the laser-induced
surface plasma can contribute to radiative heating of the
sample. Ablation mechanisms are in¯uenced by the photon
energy of the laser. Shorter wavelengths offer higher photon
energies for bond breaking and ionization processes. The
photon energy is 4.66, 5.83 and 7.90 eV for wavelengths 266,
213 and 157 nm, respectively. The lower optical penetration
depth for most materials in the UV also provides more laser
energy per unit volume for ablation.

The in¯uence of laser-beam wavelength on fractionation has
been addressed by the analytical community. Various wave-

lengths from nanosecond-pulsed Nd : YAG lasers have been
the most commonly studied.6 Pb/U fractionation from NIST
610 Glass was found to be similar using 213 and 266 nm
Nd : YAG lasers.7 Fractionation was in¯uenced by the laser
irradiance and the formation of a crater. Fractionation from
NIST 610 Glass was also observed using the Nd : YAG 1064
and 266 nm wavelengths.8 A relationship between fractiona-
tion and ionic radius, charge and melting temperature of the
elements was proposed.9,10 Fractionation appeared to correlate
with the geochemical classi®cation of elements; lithophiles,
siderophiles, and chalcophiles when using the 266 nm
Nd : YAG to ablate geological samples.11 The ®fth harmonic
of a Nd : YAG laser (213 nm) was found to improve the
ablation of strongly cleaved mineral (calcite, garnet) thin
sections.12 The 213 nm wavelength led to a more stable and
higher intensity signal than that for the 266 nm laser.
Fractionation of Pb and Bi from NIST 612 Glass was reduced
using the 213 nm laser.

The ablation behaviour from surrogate waste-glass samples
was investigated using a 100 ps pulsed Nd : YAG laser at 1064,
532 and 266 nm.13 The 1064 and 532 nm lasers produced
elemental fractionation related to the melting point of the
corresponding elemental oxide. With 266 nm, fractionation
existed but was independent of the elemental oxide melting
point.

Fractionation during repetitive ablation on glass samples
became signi®cant14 when the depth/diameter ratio of the
ablation crater was w6.15 Similar degrees of elemental
fractionation were obtained when ablating deep craters with
both 266 nm Nd : YAG and KrF 248 nm excimer lasers. Time-
pro®les, representing the crater etch rate or mass ablation rate,
were more stable and ¯atter using ArF 193 nm compared to
Nd : YAG 266 nm. Time-dependent elemental fractionation
was found to be insigni®cant with the 193 nm excimer laser,
whereas the Nd : YAG 266 nm laser produced signi®cant time-
dependent fractionation.16 It was not established whether the
advantages of 193 nm were related to higher photoenergy or
due to different beam homogenization, optics and focusing
conditions.

An ArF excimer laser (193 nm) was used to ablate NIST 612
Glass samples.17,18 Even at this low UV wavelength, volatile-
element enrichment was observed in the ICP-MS. Fractionation
was found to be insigni®cant if a carefully selected combination
of intermediate energy density (8.5±14 J cm22) and relatively
low repetition rate (v20 Hz) were used. The amount of ablated
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mass from all minerals (hornblende, augite, garnet) was within
20% of that from the NIST 612, which demonstrates that the
ablation rate with the excimer system was relatively matrix-
insensitive. Although fractionation is in¯uenced by the laser
wavelength, it is important to remember that many of these
studies involve different lasers. In addition to wavelength, these
lasers have different properties (pulse duration, coherence,
spatial pro®le, etc.).

This manuscript presents a continuing effort to study
fractionation effects based on wavelength. In this work, we
compare the ablation of NIST glasses and calcite using three
wavelengths, 266 nm (fourth harmonic of YAG laser used in
many of the commercial systems), 213 nm (the ®fth harmonic
of the YAG laser) and 157 nm (F2 excimer laser). The work is
the ®rst analytical study using the F2 excimer laser at 157 nm.
The research shows relative effects when the three wavelengths
are used for ablation; it is not accurate to compare the excimer
and YAG lasers because of different beam properties (pulse
duration, spatial pro®le, coherence, etc.). A qualitative
comparison of three UV wavelengths is presented, with
emphasis on the irradiance and crater development. These
studies show that fractionation can be eliminated or enhanced
depending on the wavelength and irradiance, and that the
choice of laser wavelength should be made on the basis of
sample opacity.

Experimental

The experimental system includes three lasers, a PQ3 (VG
Elemental) ICP-MS instrument and an ablation cell. The lasers
are: a Nd : YAG (New Wave Research) frequency quadrupled

(266 nm) with a 6 ns pulse width, a Nd : YAG (New Wave
Research) frequency quintupled (213 nm) with a 6 ns pulse
width, and an F2 excimer (Lambda Physik) with a 30 ns pulse
width at 157 nm. A plano-convex lens with a nominal focal
length of 20 cm was used with the Nd : YAG lasers. A calcite
lens of focal length 15 nm was used for the F2 excimer laser
beam. All lasers were operated at 10 Hz repetition rate. Energy
was maintained at 0.8 mJ for all the lasers. Because the 157 nm
laser beam does not propagate in air, the F2 beam path was
enclosed in a glove-bag with a continuous Ar gas purge at
2 L min21.

The laser beam spot diameter was measured by using a single
laser pulse with low energy (ca. 200 mJ) to cause melting on a
single crystal Si sample. Ablation crater diameters were
measured from images using a white-light interferometric
microscope (New View 200, Zygo Corporation). A depth map
of a crater measured using the white-light interferometric
microscope on single crystal Si is shown in Fig. 1 to
demonstrate the laser beam pro®le.

A description of the ablation chamber can be found
elsewhere.19 Samples were placed on an XYZ translation
stage with manual controls. The ICP-MS signal intensity data
were acquired in the time-resolved mode during continuous
ablation on a single sample surface, using time-resolved
analysis (TRA) software. A dwell time of 24 ms per isotope
and single point per peak were used throughout these
experiments. Background correcton was applied in all cases,
before calculating the intensity and intensity ratio. NIST glass
reference standards (610, 612, 614) and calcite samples were
used in this study. The concentration of these NIST glass
standards can be found in refs. 20±22.

Fig. 1 A depth map of the crater measured by the white-light interferometric microscope on a single crystal Si.
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Results and discussion

This research demonstrates that fractionation can be mini-
mized or enhanced at any of the wavelengths studied herein.
The temporal behavior of Ca, ablated from three NIST glasses
using the 157 nm excimer laser beam, is shown in Fig. 2. Ca has
approximately the same nominal concentration in all three
standards. Each glass shows similar ICP-MS temporal
behavior; the quantity of mass ablated is the same regardless
of wavelength and number of pulses. Although optical
absorption data for these NIST standards at 157 nm are not
available, it is assumed that each standard is `opaque' at this
wavelength. Visually, the glasses go from dark blue (610) to
semi-transparent (614). Ablation was at a ¯uence of 1.3 J cm22,
the highest achieved with this laser based on energy, beam
pro®le and focusing lens. At this ¯uence, ablation is evident
from the ®rst pulse. For successive pulses, the change in signal
intensity represents a change in the ablation rate. The
normalized (to concentration) Pb to Ca intensity ratios are
shown in Fig. 3(a). In general, the ratio and time-dependent
data vary with laser ¯uence. At this ¯uence (1.3 J cm22), the
Pb/Ca ratio of the visually transparent 614 Glass initially
exhibits a higher value compared to the more opaque 610 and
612 standards; the quantity of Ca ablated was similar, but not
the quantity of Pb. Because of the low concentration of Pb in
614 Glass (#2 ppm), a small amount of contamination of Pb
on the surface might cause the observed Pb/Ca ratio behavior.
An accurate measurement of the Pb/U ratio is important for
geochronology. The Pb/U ratio versus number of laser pulses is
shown in Fig. 3(b). The behavior of the Pb/U ratio is similar to
that of the Pb/Ca ratio.

Ca ICP-MS intensities during ablation of NIST 610 Glass
using the 266 and 213 nm laser wavelengths are shown in
Fig. 4. The ¯uence is 1.3 J cm22, the same as used with the
excimer laser for data in Figs. 2 and 3. At this ¯uence, only the
NIST 610 Glass could be suf®ciently ablated by 266 nm
Nd : YAG laser to provide reliable ICP-MS intensity. The
213 nm laser ablation produces a Ca intensity similar to that
measured using the 157 nm laser beam (cf., Fig. 2). The change
in ablation rate is also similar; the signal decay represents a
change in the amount of mass ablated as the crater is formed.
For the 266 nm laser, only the ®rst few pulses ablated a
signi®cant amount of Ca detected by the ICP-MS. Similar
behavior was observed when using 266 nm with ¯uence just
above the ablation threshold for many `transparent' samples.
The surface chemistry or morphology may be responsible for

the initial ablation behavior as compared with the bulk. The
difference in ablation behavior between the 213 nm and 266 nm
wavelengths is believed to be due to the optical penetration
depth in this NIST Glass; the 213 nm energy will be absorbed in

Fig. 2 Ca intensity using F2 (157 nm) excimer laser at 1.3 J cm22. The
temporal pro®le (intensity behavior) is almost identical for the NIST
610, 612 and 614 samples. Ca concentration is approximately 12% (as
calcium oxide) in all the samples.

Fig. 3 Normalized Pb/Ca (a) and Pb/U (b) ratios. NIST 614 is more
transparent than 610 and 612. Pb concentration ranges from about
400 pm in NIST 610 compared to about 2 pm in NIST 614.

Fig. 4 Ca intensity measured during ablation of NIST 610 using the
213 nm and 266 nm at 1.3 J cm22. The behaviour of the 213 nm is
similar to that measured using 157 nm. The 266 nm does not ablate
strongly at this ¯uence.
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a shorter layer. Therefore, the laser energy per unit volume is
greater. The normalized Pb to Ca intensity ratios are shown in
Fig. 5. The stabilized ratio at 213 nm is similar to that
measured using 157 nm (cf., Fig. 3). For NIST 614 Glass, the
ratio behavior is similar to that of NIST 610 but with a larger

error because of the lower concentration of Pb. The ratio
obtained with the 266 nm laser after 200 pulses was not plotted
because of the low signal intensity. The ratio and its time-
dependence depend on the laser-beam ¯uence and wavelength,
and optical properties of the sample.

The above data were measured at a relatively low ¯uence, a
region in which thermal vaporization may be dominant, to
demonstrate the in¯uence of wavelength on fractionation. A
higher ¯uence can be utilized to increase the quantity of ablated
mass and to reduce fractionation.7 Fig. 6 shows the Ca
intensity during ablation of the three NIST glasses using
213 nm [Fig. 6(a)] and 266 nm [Fig. 6(b)] at 12 J cm22. Using
213 nm, each NIST sample exhibits similar ablation behavior
(the optical absorption of these glasses was measured to be
similar at 213 nm). At this ¯uence, the amount of mass
increases as the crater is formed, in contrast to the low ¯uence
experiments. The ICP-MS intensity is less than that ablated at
1.3 J cm22 initially and then increases gradually. In both cases,
the laser energy was approximately 0.8 mJ. The laser beam spot
size on the sample de®nes the ¯uence. The total ablated mass is
proportional to the ¯uence and the ablated spot area. With a
larger spot size (#10 times larger), a lower ¯uence can provide
more ablated mass than for a higher ¯uence with a small spot
size. Using 266 nm, an intense signal is measured initially,
much greater than that for the 213 nm wavelength, but it
decays quickly. The overall behavior is due to the growth of the
crater and its effects on the irradiance and plasma properties.
The larger initial signal intensity using 266 nm may be due to

Fig. 5 Normalized Pb/Ca ratio for NIST 610. The ratio measured using
213 nm is similar to that measured using 157 nm. The ratio for 266 nm
is not plotted after 200 pulses because of the low signal level at this
¯uence.

Fig. 6 Temporal pro®les of Ca intensity for the three NIST samples
using 213 nm (a), and 266 nm (b) at 12 J cm22. The 213 nm provides a
similar intensity pro®le and does not produce an initial peak for all
three NIST samples. The 266 nm does show a difference in signal
intensity and the initial peak. The differences are probably caused by
optical absorption of the three samples at 266 nm and 213 nm.

Fig. 7 Normalized Pb/Ca ratios for the three NIST samples using
213 nm (a) and 266 nm (b) at 12 J cm22.
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the optical penetration depth. Since the irradiance is well above
the ablation threshold, a larger volume of mass is ablated for
each pulse. In turn, the crater will develop faster, which
explains the structured time-dependent behaviour. Fig. 7 shows
the normalized Pb to Ca ratios for these glasses using 213 nm
[Fig. 7(a)] and 266 nm [Fig. 7(b)] lasers. At this high ¯uence,
the time-dependent fractionation is strongly in¯uenced by the
laser wavelength. The optical properties of the samples have a
relatively smaller in¯uence on fractionation behavior [compare
data within Fig. 7(a) or (b)]. For 266 nm, the initial normalized
ratio of Pb/Ca was approximately 12 and dropped to 3 after
approximately 400 pulses. The change in the ratio is
approximately 4 times. The Pb/U ratios for wavelengths 213
and 266 nm are shown in Fig. 8(a) and (b). The temporal
behavior is similar to that of Pb/Ca ratios. For a 266 nm
wavelength, the initial normalized ratio is 1.1 and drops to 0.7
after approximately 400 pulses.

The above ¯uences were selected as test cases to demonstrate
how fractionation is in¯uenced by laser-beam wavelength. At
any ¯uence, wavelength in¯uences the quantity of mass ablated
per pulse (ablation rate) and elemental fractionation. If the
sample is opaque at a particular wavelength, the ablation rate
appears to be more reproducible (steady), and a greater
quantity of mass is ablated. This effect is demonstrated for the
157 nm laser using calcite as the sample (Fig. 9). Calcite is used
as the optical material for lenses and windows for the 157 nm
laser. However, at a high ¯uence, it is relatively easy to ablate
calcite. The 157 nm ablation shows similar behavior for calcite
as was measured using the NIST glasses. The ICP-MS intensity

from Ca in calcite is approximately 20 times higher than that
from the NIST samples at a similar laser ¯uence (cf., Fig. 2).
The Ca concentration difference in the calcite and NIST
samples is only approximately 5 times. The amount of ablated
mass strongly depends on the physical properties and the
concentration of the sample. The intensity difference between
the NIST samples and calcite could be caused by different
physical properties of the samples (such as different thermal
properties and bonding energy in NIST samples and calcite)
and optical penetration depth.

Conclusion

This manuscript demonstrates that wavelength is not the only
critical parameter in¯uencing fractionation. Fractionation can
be minimized or enhanced in any sample and at any
wavelength, depending on the laser-beam irradiance. From
our experiences, an irradiance can be established for all
wavelengths at which fractionation is not signi®cant or is
completely eliminated. Wavelength has a dramatic effect on the
quantity of mass ablated and on the ablation rate. The shorter
the wavelength, the more controlled or reproducible is the
ablation rate. Also, the shorter the wavelength, the lower the
¯uence that is required to initiate ablation. An increase in
signal intensity (quantity of mass ablated and transported to
the ICP-MS) directly related to wavelength was not observed.
The signal intensity for the 157 nm ablation was similar to that
for 213 nm using NIST 610 Glass. It could be that the optical
penetration is essentially at the surface for both wavelengths.
This is not the case when the sample is transparent; once the
¯uence is greater than the ablation threshold, the longer
wavelength provides greater signal intensity because more mass
is ablated from a larger volume. With a larger amount of mass
ablated per pulse, the crater deepens faster, effectively reducing
the irradiance and trapping the plasma. These effects can lead
to enhanced fractionation.
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Fig. 8 Normalized Pb/U ratios for the three NIST samples using
213 nm (a) and 266 nm (b) at 12 J cm22.

Fig. 9 Ca signal intensity pro®le for ablation from a calcite sample at
266 nm and 157 nm. Although the ¯uence was essentially equal, the
irradiance was not because of the different pulse width of each laser. At
this ¯uence, 157 nm is more ef®cient at ablation than the 266 nm laser.
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